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I. HISTORICAL ASPECTS 

Coal is t h e  wor ld ' s  major  carbonaceous f u e l  r e source .  Ac t ive  i n v e s t i g a t i o n  
of t h e  po lycyc l i c  a romat ic  hydrocarbons (PAH) p r e s e n t  i n  c o a l  and coa l -der ived  
m a t e r i a l s  has  been conducted f o r  approximate ly  70 y e a r s  (1). During t h i s  ue r iod ,  
dozens of a n a l y t i c a l  t echn iques  have been used t o  de te rmine  PAH i n  these  a a t e r i a l s .  
This  manuscript  w i l l  b r i e f l y  rev iew some ins t rumen ta l  methods t h a t  provide  t h e  
most u s e f u l ,  r e l i a b l e ,  and d e t a i l e d  a n a l y t i c a l  i n fo rma t ion  concern ing  t h e  occurrence 
and d i s t r i b u t i o n  of PAH i n  c o a l  and coa l -der ived  materials. 

There a r e  many r easons  f o r  s tudy ing  t h e  PAH p r e s e n t  i n  coa l .  The aromat ic  
p o r t i o n  of c o a l  e x t r a c t s  i s  u s u a l l y  t h e  l a r g e s t  f r a c t i o n ,  ranging  approximately 
from 40 t o  60 weight pe rcen t  of t h e  e x t r a c t .  De ta i l ed  c h a r a c t e r i z a t i o n  of t h i s  
f r a c t i o n  i s  t h e r e f o r e  ex t remely  impor tan t  i n  he lp ing  t o  e l u c i d a t e  t h e  chemical 
c o n s t i t u t i o n  and geochemical o r i g i n s  of c o a l  and i n  improving our  unders tanding  of 
t h e  chemistry a s s o c i a t e d  w i t h  t h e  c o a l i f i c a t i o n  p rocess  t h a t  conver ted  p l a n t  
d e b r i s  t o  coa l .  I n v e s t i g a t i n g  t h e  occurrence  and d i s t r i b u t i o n  of PAH i n  c o a l  
should l ead  t o  a b e t t e r  unders tanding  of t h e i r  p o s s i b l e  h e a l t h  e f f e c t s .  Coal 
workers '  pneumoconiosis, "b lack  lung ,"  ( 2 , 3 )  can  develop  a f t e r  accumulation of 
r e s p i r a b l e  c o a l  d u s t  i n  t h e  lungs .  Engineer ing ,  as w e l l  as envi ronmenta l ,  concerns 
are t h e  main r easons  f o r  i n v e s t i g a t i n g  t h e  PAH i n  coa l -der ived  m a t e r i a l s .  The 
advent of energy s h o r t a g e s  has  focused a t t e n t i o n  on inc reased  use  of products  from 
t h e  l i q u e f a c t i o n  and g a s i f i c a t i o n  of coa l .  S ince  t h e  a romat i c  p o r t i o n  of c o a l  
l i q u e f a c t i o n  uroducts  u s u a l l y  comprises from 20 t o  60 weight pe rcen t ,  d e t a i l e d  
examination of t h i s  f r a c t i o n  h a s  rece ived  cons ide rab le  a t t e n t i o n  by both  p rocess  
development and envi ronmenta l  s c i e n t i s t s .  . 

c o a l  products  w a s  r epor t ed  by F.  Dupire and G.  Botquin from t h e  Research Labora tory  
S. A.  Carbochemique i n  Belgium ( 4 ) .  Thei r  work i s  a ha l lmark  i n  gas  chromatographic 
methods development f o r  t h e  a n a l y s i s  o f  PAH. The gas  chromatographic ins t rument  
was completely cons t ruc t ed  by t h e s e  i n v e s t i g a t o r s  and c o n s i s t e d  of a thermal 
conduc t iv i ty  d e t e c t o r ,  column oven, and i n j e c t i o n  p o r t  hea t ed  r e s i s t i v e l y  by wi re  
wrapped around t h e  f r o n t  o f  t h e  column. The g l a s s  column measured 2.5 m x 6-8 mm 
and w a s  packed w i t h  c rushed  and s i eved  (60-50 mesh) r e f r a c t o r y  b r i c k  coated w i t h  
30% by weight Dow Corning h igh  vacuum s i l i c o n e  g rease .  
performed i so the rma l ly  a t  t empera tu res  between 185'C and 295OC, depending on t h e  
b o i l i n g  p o i n t  range  of t h e  f r a c t i o n  of t h e  c o a l  tar  be ing  ana lyzed .  I d e n t i f i c a t i o n s  
were made by comparing t h e  r e t e n t i o n  c h a r a c t e r i s t i c s  of t h e  chromatographic peaks 
i n  t h e  unknown wi th  t h o s e  of s t anda rds .  Dupire and Botquin a l s o  no t i ced  t h a t  
t h e r e  w a s  a l i n e a r  r e l a t i o n s h i p  between t h e  log  o f  t h e  r e t e n t i o n  t i m e  of t h e  PAH 
and t h e i r  b o i l i n g  p o i n t s .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  w e r e  s o  promising 
t h a t  i n  t h e  y e a r s  t h a t  fo l lowed,  hundreds of i n v e s t i g a t o r s  have used gas  chromato- 
graphy f o r  PAH a n a l y s i s  of samples der ived  from c o a l  and o t h e r  products ,  and a new 
f r o n t i e r  i n  t h e  a n a l y t i c a l  chemis t ry  of PAH was opened. 

mi l e s tone  i n  a n a l y s i s  of c o a l  ca rbon iza t ion  products  ( 5 ) .  Although L i b e r t i  (6)  
w e r e  t h e  f i r s t  t o  u se  c a p i l l a r y  g a s  chromatography t o  s e p a r a t e  PAH, P i c h l e r  was 
t h e  f i r s t  t o  apply  h igh  r e s o l u t i o n  c a p i l l a r y  gas  chromatography t o  t h e  a n a l y s i s  of 

i 

During 1958, t h e  f i r s t  u s e  of g a s  chromatography f o r  t h e  a n a l y s i s  of PAH from 

The s e p a r a t i o n s  were 
I 

Helmut P i c h l e r  publ i shed  a manuscr iu t ,  t h e  c o n t e n t s  of which r ep resen t  a 
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PAH f r o m  a coa l  product .  The a romat i c  f r a c t i o n  of a c o a l  c a r b o n i z a t i o n  t a r  w a s  
analyzed by gas  chromatography employing wal l -coated open-tubular columns (WCOT) 
and packed columns. I n d i v i d u a l  c o n s t i t u e n t s  i n  t h e  mix tu res  were i d e n t i f i e d  us ing  
co-chromatography w i t h  a u t h e n t i c  r e f e r e n c e  compounds. I n  c a s e s  where r e f e r e n c e  
compounds were no t  commercially a v a i l a b l e ,  they were syn thes i zed .  The Kovats 
r e t e n t i o n  i n d i c e s  w e r e  c a l c u l a t e d  f o r  a l l  o f  t h e  i d e n t i f i e d  compounds ( 7 ) .  I n  
a d d i t i o n ,  v e r i f i c a t i o n  of t h e s e  i d e n t i f i c a t i o n s  was ob ta ined  by c o l l e c t i n g  t h e  
compounds and comparing t h e i r  u l t r a v i o l e t  (UV) s p e c t r a  w i t h  those  of s t anda rds .  
The s e p a r a t i o n  was achieved us ing  a 100 m by 0.25 mrn column coated wi th  poly- 
propyleneglycol ,  and N c a r r i e r  gas .  Although h igh  molecular  weight  PAH were no t  
p r e s e n t  i n  t h i s  d i s t i l l a t e  a romat i c  f r a c t i o n ,  v o l a t i l e  PAH, inc lud ing  naphthalene,  
methylnaphthalenes,  dimethylnaphthalenes,  and acenapthylene,  were p re sen t .  

In 1963, K.  & c h i  and K. Imuta publ ished two manuscripts  ( 8 , 9 ) ,  which were t o  
become co rne r s tones  of  o u r  knowledge of  t h e  occurrence and d i s t r i b u t i o n  of PAH i n  
c o a l .  U n t i l  t h e s e  manusc r ip t s  were pub l i shed ,  v e r y  l i t t l e  was known wi th  c e r t a i n t y  
abouf t h e  PAH con ten t  of c o a l .  
of Yubari  c o a l  and t h e  p r e p a r a t i v e  l i q u i d  chromatographic f r a c t i o n a t i o n  of t h e  
e x t r a c t .  Two c r y s t a l l i n e  s u b s t a n c e s  were i s o l a t e d  and shown t o  b e  4 , l l -d ime thy l -  
p i cene  and a dimethylchrysene.  The second manuscript  d e s c r i b e s  t h e  d e t a i l e d  
a n a l y s i s  of t h e  a romat i c  and o t h e r  f r a c t i o n s  from t h e  c o a l  e x t r a c t .  The a n a l y s i s  
of t h e  aromatic  f r a c t i o n  w a s  performed us ing  p r e p a r a t i v e  packed-column gas chromato- 
graphy,  followed by u l t r a v i o l e t  and i n f r a r e d  s p e c t r o s c o p i c  i d e n t i f i c a t i o n  of t h e  
i s o l a t e d  components. The column w a s  ope ra t ed  i s o t h e r m a l l y  a t  v a r i o u s  temperatures  
depending on t h e  f r a c t i o n  be ing  analyzed.  The g a s  chromatographic techniqEes used 
w e r e  s t a t e -o f - the -a r t  f o r  t h a t  t i m e .  Some of t h e  compounds i d e n t i f i e d  by Ouchi 
and Imuta had been p r e v i o u s l y  i d e n t i f i e d  i n  c o a l s  (10,11,12,13,14) .  However, i n  
t h i s  i n v e s t i g a t i o n  many PAH were p o s i t i v e l y  i d e n t i f i e d  f o r  t he  f i r s t  t ime,  and t h e  
fo l lowing  major conc lus ions  were drawn. 1. A c o n s i d e r a b l e  p o r t i o n  of t h e  o rgan ica l ly -  
bound oxygen i n  c o a l  is p r e s e n t  a s  f u r a n i c  s p e c i e s .  2. Phenanthrene and 
a lky lphenan th reneswere  p r e s e n t  i n  c o a l  i n  5 t o  1 0  t imes g r e a t e r  concen t r a t ions  than 
anthracene and a l k y l a n t h r a c e n e s .  
3. 

The f i r s t  manuscr ipt  d e s c r i b e s  t h e  benzene e x t r a c t i o n  

Cata-condensed PAH were common i n  coa l ,  w h i l e  peri-condensed PAH w e r e  r a r e .  

I n  an e l e g a n t  i n v e s t i g a t i o n ,  r epor t ed  i n  a s e r i e s  of pape r s  (15,1b, i1 ,18,19,20) ,  
J a ro l im  and co-workers, u s ing  v a r i o u s  chromatographic and c r y s t a l l i z a t i o n  methods, 
i s o l a t e d  o v e r  t h i r t y  compounds (some of which were PAH) from t h e  benzene e x t r a c t  
of North Bohemian brown c o a l .  The s t r u c t u r e s  of  t h e  i s o l a t e d  compounds were 
a s s igned  based on t h e  r e s u l t s  of i n f r a r e d ,  u l t r a v i o l e t ,  n u c l e a r  magnetic resonance, 
and mass s p e c t r o m e t r i c  a n a l y s e s  of t h e  pure compounds i s o l a t e d .  The PAH i d e n t i f i e d  
by these  methods a r e  l i s t e d  i n  Tab le  1. 

can be  gained by viewing t h e  h i g h  r e s o l u t i o n  gas  chromatographic p r o f i l e  i n  t h e  
a r t i c l e  by White and Lee (21).  
from such a mix tu re  f o r  NMR and o t h e r  s p e c t r o s c o p i c  measurements i s  extremely 
d i f f i c u l t .  I n  some c a s e s ,  i s o l a t i o n  of t h e  p u r e  compounds, and a n a l y s i s  by a 
v a r i e t y  of s p e c t r a l  t echn iques ,  d i d  n o t  provide s u f f i c i e n t  i n fo rma t ion  t o  p o s i t i v e l y  
i d e n t i f y  t h e  compounds. 
r e a c t i o n s  t h a t  occur  du r ing  t h e  c o a l i f i c a t i o n  process .  

A no t ion  of t h e  complexi ty  of  j u s t  t h e  a romat i c  f r a c t i o n  from a c o a l  e x t r a c t  

I s o l a t i n g  s u f f i c i e n t  amounts of  pure compounds 

The i r  i n v e s t i g a t i o n  h a s  helped to  e l u c i d a t e  t h e  chemical 

I I. CURRENT STATE-OF-THE-ART 

H. G .  Franck ( 2 2 )  h a s  e s t i m a t e d  t h e  number of compounds p r e s e n t  i n  bituminous 
Mixtures  of s i m i l a r  complexity a r e  found i n  coa l  e x t r a c t s  c o a l  t a r s  t o  b e  10,000. 

and i n  l i q u e f a c t i o n  and g a s i f i c a t i o n  p roduc t s  and by-products.  It i s ,  t h e r e f o r e ,  
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impera t ive  t h a t  p r i o r  t o  d e t a i l e d  q u a l i t a t i v e  a n a l y s i s  by GC o r  GC-MS, t h e  sample 
b e  f r a c t i o n a t e d  t o  provide  a c l ean  a romat ic  f r a c t i o n .  
f r a c t i o n s  of c o a l  e x t r a c t s  and o t h e r  coa l  products  c o n s i s t  of hundreds,  poss ib ly  
thousands,  of compounds, i t  i s  necessary  t h a t  t h e  gas  chromatographic columns used 
be  Of t h e  h ighes t  p o s s i b l e  e f f i c i e n c y ,  i n e r t n e s s ,  s e l e c t i v i t y ,  and thermal s t a b i l i t y .  
These c r i t e r i a  a r e  b e s t  met by wall-coated open-tubular (WCOT) g l a s s  or fused- 
s i l i c a  c a p i l l a r y  column gas  chromatography. A comprehensive d i scuss ion  of t h e  
e f f e c t  O f  column dimensions and s t a t i o n a r y  phase f i l m  th i ckness  on e f f i c i e n c y ,  
capac i ty ,  and e l u t i o n  tempera tures  of €'AH appears  i n  t h e  review a r t i c l e  by Lee and 
Wright (23).  

Because t h e  a romat ic  

< 

I d e n t i f i c a t i o n  of chromatographic peaks i s  b e s t  accomplished using co-chromato- 
graphy of c l ean  a romat ic  f r a c t i o n s  wi th  a u t h e n t i c  PAH s t anda rds ,  followed by mass 
s p e c t r a l  in format ion  on t h e  same chromatographic peaks t o  confirm t h e  assignments.  
Unfor tuna te ly ,  many l a b o r a t o r i e s  l a c k  the  necessary  r e f e r e n c e  s t anda rds  of PAH €or  
a n a l y s i s  of samples by co-chromatography. 
by t h e  development of t h e  PAH r e t e n t i o n  index  system (PAHRIS) ( 2 1 , 2 4 , 2 5 ) .  The 
PAHRIS i s  based on t h e  use  o f  fou r  PAH--naphthalene, phenanthrene, chrysene, and 
picene--as b racke t ing  s t anda rds  r a t h e r  than  t h e  use  of normal p a r a f f i n s  f o r  
b racke t ing .  The development of t h e  PAHRIS and i t s  a p p l i c a t i o n  t o  the  a n a l y s i s  of 
complex mixtures  of PAH i s o l a t e d  from a c o a l  l i q u e f a c t i o n  product have been previous ly  
descr ibed  (21).  The PAHRIS was developed f o r  linear-programmed-temperature, g l a s s  
c a p i l l a r y  a n a l y s i s  of PAH us ing  SE-52 a s  t h e  s t a t i o n a r y  phase and employing 
Equation 1 i n i t i a l l y  suggested by Van Den Do01 and Kratz (26 ) :  

This problem h a s  been p a r t i a l l y  solved 

1) 
L. 

Retent ion  ind ices  were c a l c u l a t e d  f o r  over 200 €'AH s t anda rd  compounds based on 
t h e i r  comparison wi th  these  s t anda rds  using the  above equa t ion .  I n  Equation 1, I 
is  t h e  r e t e n t i o n  index ,  and n r e f e r s  t o  t h e  number of r i n g s  i n  t h e  s tandard  
compound e l u t i n g  j u s t  p r i o r  t o  the  compound of i n t e r e s t .  The des igna t ions  X,  !h"., and MA.+,) a r e  t h e  measured r e t e n t i o n  t imes of t h e  compound of i n t e r e s t  and 

t h e  s tandard  a romat ic  t h a t  e l u t e s  j u s t  a f t e r  t h e  compound of i n t e r e s t ,  r e s p e c t i v e l y .  
The average 95% conf idence  limits f o r  3 t o  8 measurements f o r  each of 1 2  PAH 
ranging  from naphtha lene  t o  pery lene  were 5 0.25 index  u n i t s .  
desc r ib ing  a l l  of t h e  r e s u l t s  and exper imenta l  d e t a i l s  h a s  been published (25) .  

TWO examples from work performed r e c e n t l y  i n  our  l a b o r a t o r i e s  w i l l  s e r v e  as 
i l l u s t r a t i o n s  of t h e  c u r r e n t  s t a t e -o f - the -a r t  of PAH ana lyses  made on coa l  products  
o r  by-products. 

An example of PAH de te rmina t ions  us ing  combined GC-MS can be taken from a 
p r o j e c t  whose goa l  w a s  t o  develop an a n a l y t i c a l  method t o  measure PAH i n  workplace 
atmospheres around c o a l  l i q u e f a c t i o n  p l a n t s .  
c o l l e c t e d  on TenaxGC, e x t r a c t e d  from the s o l i d  sorbent  w i th  pentane ,  concent ra ted ,  
and analyzed. I n d i v i d u a l  PAH were i d e n t i f i e d  by f u l l  s can  mass spec t romet ry  and 
q u a n t i t a t e d  us ing  Selected-Ion-Monitoring (SLY) combined wi th  t h e  method of s t anda rd  
a d d i t i o n .  A SIM p r o f i l e  appears  i n  F igu re  1, whi l e  some of t h e  SIM peaks a r e  
i d e n t i f i e d  and q u a n t i t a t e d  i n  Table  2 .  A more complete d e s c r i p t i o n  of exper imenta l  
d e t a i l s  appears  e l sewhere  ( 2 4 ) .  Another p r o j e c t  i s  concerned wi th  comparing 
combustion product emiss ions  from s y n t h e t i c  f u e l s  and petroleum. B r i e f l y ,  a f u e l  
i s  combusted i n  a 20-hp b o i l e r ,  and o rgan ic  combustion emiss ions  a r e  c o l l e c t e d  
from t h e  exhaust duc t  us ing  a modified Jones Adsorbent Sampler. 

he  s t a n  a r  a romat ic  t h a t  e l u t e s  j u s t  p r i o r  t o  t h e  compound of i n t e r e s t  and of 

A manuscript  

B r i e f l y ,  workplace a i r  samples were 

The sample was 
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recovered from t h e  s o l i d  s o r b e n t  used i n  t h e  sampler ,  XAD-2, by methylene ch lo r ide  
e x t r a c t i o n .  The bu lk  of t h e  methylene c h l o r i d e  was removed us ing  Kaderna-Danish 
evaporat ion,  and t h e  sample was analyzed by h igh  r e s o l u t i o n  gas  chromatography and 
combined GC-MS. The h igh  r e s o l u t i o n  gas-chromatographic p r o f i l e s  of t h e  co l l ec t ed  
combustion e f f l u e n t s  from three f u e l s  appear  i n  F i g u r e  2 ,  wh i l e  t h e  numbered 
chromatographic peaks a r e  i d e n t i f i e d  i n  Table  3. A s  can be seen  from the  chromato- 
g r a p h i c  p r o f i l e s ,  t h e  combustion e f f l u e n t s  of t h e  f u e l s  a r e  d i s t i n c t l y  d i f f e r e n t ,  
a l though many of t h e  same compounds a r e  found i n  a l l  t h r e e  e f f l u e n t s .  
t h e  combustion e f f l u e n t s  from SRC-I1 and No. 2 Fuel  O i l  c o n t a i n  a s i g n i f i c a n t  
p o r t i o n  of unburned f u e l .  Complete experimental  d e t a i l s  appear  e lsewhere (27 ) .  
I n  b o t h  p r o j e c t s ,  c a p i l l a r y  columns coated wi th  SE-52 were used f o r  s e p a r a t i o n  of 
t h e  un f rac t iona ted  sample. I n  t h e  c a s e  of t h e  f i r s t  p r o j e c t ,  g l a s s  columns were 
used a s  s t a t i o n a r y  phase s u p p o r t s ,  w h i l e  i n  t h e  second case ,  f u s e d - s i l i c a  columns 
were used. The columns ranged i n  l e n g t h  from 1 5  to  30 m and had i n s i d e  diameters  
r ang ing  from 0.20 t o  0.30 mm. 

I n t e r e s t i n g l y ,  

111. TECHNIQUES ON THE HORIZON 

Over t h e  decades,  many a n a l y t i c a l  methods have been developed f o r  t h e  deter-  
minat ion of  PAH i n  c o a l  and coal-der ived m a t e r i a l s .  
t h e r e  has been a n  amazing improvement i n  e x i s t i n g  a n a l y t i c a l  techniques,  and 
r e c e n t l y  s e v e r a l  r e v o l u t i o n a r y  a n a l y t i c a l  methods and techniques f o r  q u a l i t a t i v e  
and q u a n t i t a t i v e  a n a l y s i s  of PAH have been developed. 
t h i s  manuscript  w i l l  b r i e f l y  h i g h l i g h t  some a n a l y t i c a l  methods c u r r e n t l y  under 
development that have shown g r e a t  promise i n  d i f f e r e n t i a t i n g  and, t hus ,  determining 
s p e c i f i c  i somer i c  PAH i n  c o a l  and i t s  products .  These inc lude  low-temperature 
luminescence and room-temperature phosphorimetry.  The fol lowing d e s c r i p t i o n s  a r e  
n o t  meant t o  be  exhaus t ive  t h e o r e t i c a l  d e s c r i p t i o n s  of t h e  techniques bu t  r a t h e r  
an i n t r o d u c t i o n  t o  t h e i r  a p p l i c a t i o n  f a r  t h e  a n a l y s i s  of PAH i n  c o a l  and r e l a t e d  
p roduc t s .  

E l e c t r o n i c  s p e c t r a  of PAH i n  f l u i d  media a r e  o f t e n  broad. Thus, s p e c t r a l  
o v e r l a p  of i n d i v i d u a l  PAH i s  a s e v e r e  problem i n  mix tu re  a n a l y s i s .  These problems 
a r e  p a r t i a l l y  overcome a t  low temperature  when some PAH a r e  f rozen  i n  c r y s t a l l i n e  
S h p o l ' s k i i  h o s t  s o l v e n t s  -- most o f t e n  n -pa ra f f in s .  Under t h e s e  c o n d i t i o n s ,  some 
PAH e x h i b i t  wel l - resolved s h a r p  l i n e  luminescence emission s p e c t r a .  When d i l u t e  
s o l u t i o n s  of PAH a r e  f rozen  i n  S h p o l ' s k i i  h o s t  s o l v e n t s ,  t h e  s o l u t e  molecules a r e  
sepa ra t ed  enough t o  e l i m i n a t e  o r  minimize in t e rmolecu la r  i n t e r a c t i o n  of t h e  s o l u t e  
molecules.  The PAH s o l u t e  molecules  a r e  he ld  i n  t h e  f r o z e n  n-alkane ma t r ix  i n  
o r i e n t e d  p o s i t i o n s ,  which promotes sha rp  l i n e  s p e c t r a  and enhances r e s o l u t i o n  of 
f i n e  s t r u c t u r e ,  t he reby  reducing s p e c t r a l  ove r l ap  between PAH p r e s e n t  a s  mixtures .  
Th i s  is t h e  S h p o l ' s k i i  e f f e c t  (28,29,30). S p e c t r a l  d e f i n i t i o n  i s  a f u n c t i o n  of 
how w e l l  t h e  molecular  dimensions of t h e  S h p o l ' s k i i  h o s t  so lven t  (n-alkane) f i t  
t h e  dimensions of t h e  s o l u t e  (PAH). 

Seve ra l  v a r i a t i o n s  of t h e  u s e  of t h e  S h p o l ' s k i i  e f f e c t  have been developed t o  
c h a r a c t e r i z e  PAH i n  c o a l  e x t r a c t s ,  c o a l  maceral  e x t r a c t s ,  and coal-der ived m a t e r i a l s .  
The v a r i a t i o n s  p r i m a r i l y  e x i s t  i n  t h e  e x c i t a t i o n  source  used,  i n  t h e  h o s t  s o l v e n t ,  
and i n  whether o r  no t  t h e  sample w a s  s epa ra t ed  t o  y i e l d  an a romat i c  f r a c t i o n  p r i o r  
t o  a n a l y s i s .  

The most impressive example, t o  d a t e ,  of  t h e  p o t e n t i a l  a n a l y t i c a l  power of 
S h p o l ' s k i i  spec t romet ry  t o  ana lyze  ?AH i n  coal-der ived m a t e r i a l s  has  been publ ished 
by Yang and co-workers (31) .  This group has  used l a se r - exc i t ed  S h p o l ' s k i i  spec t ro -  
metry (LESS) employing tunab le  dye l a s e r s  t o  s e l e c t i v e l y  e x c i t e  t h e  sample. No 
p resepa ra t eon  of t h e  sample w a s  performed. A 0 .1  gram sample of an SRC-I1 coa l  
l i q u e f a c t i o n  product  was a p p r o p r i a t e l y  d i l u t e d  wi th  p u r i f i e d  n-octane,  and t h e  
luminescence s p e c t r a  were recorded a t  15'K. The technique can a l s o  be used t o  
o b t a i n  q u a n t i t a t i v e  d a t a  on i n d i v i d u a l  PAH p r e s e n t  i n  coal-der ived m a t e r i a l s .  

I n  t h e  last twenty y e a r s ,  

The remaining p o r t i o n  of 
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Room tempera ture  phosphorimetry (RTP) i s  ano the r  r e l a t i v e l y  new a n a l y t i c a l  
t echn ique  t h a t  i s  showing promise of be ing  a b l e  t o  ana lyze  complex mixtures  of 
coa l -der ived  m a t e r i a l s  f o r  s p e c i f i c  PAH. 
Vo-Dinh and coworkers f o r  a n a l y s i s  of PAH i n  c o a l  p roduc t s  (32,33,34). 
metry has  convent iona l ly  been conducted a t  c ryogenic  tempera tures  so  t h a t  c o l l i s i o n a l  

Same e f f e c t  can b e  achieved  a t  room tempera ture  by adso rp t ion  of t h e  sample onto  a 
suppor t .  

A major l i m i t a t i o n  of RTP f o r  t h e  a n a l y s e s  of multicomponent PAH mix tu res  has  
been t h e  occurrence  of major i n t e r f e r e n c e s  due t o  ove r l ap  of o t h e r  phosphorescent 
compounds i n  the  sample. 
n a t u r e .  Thus, t h e  s e l e c t i v i t y  of conven t iona l  RTP is poor wi th  resDect t o  any 
s i n g l e  PAH. 
by us ing  synchronous e x c i t a t i o n ,  which employs t h e  s p e c i f i c i t y  of energy d i f f e r e n c e s ,  
AST, between t h e  phosphorescence emiss ion  band (T1 + S ) and abso rp t ion  bands (S 
o r  S + S ) ( 3 4 ) .  Analys i s  of a c o a l  l i q u e f a c t i o n  pro8uct  f o r  a s p e c i f i c  PAH is 
t h e  %id ?est. 
c rude  e x t r a c t  of a c o a l  l i q u e f a c t i o n  product .  
achievement and i n d i c a t e s  t h a t  synchronous RTP could  become a v a l u a b l e  a n a l y t i c a l  
t echnique  f o r  a n a l y s i s  of c o a l  p roduc t s  f o r  s e l e c t  PAH. I t  should  be  noted t h a t  
synchronous RTP has  r e c e n t l y  been used t o  t e n t a t i v e l y  i d e n t i f y  and q u a n t i t a t e  
pyrene  and o the r  PAH i n  c o a l  l i q u e f a c t i o n  products .  

I n  t h e  l a s t  twenty yea r s ,  s i g n i f i c a n t  a n a l y t i c a l  developments have been made 
for  t h e  a n a l y s i s  of complex mix tu res  of PAH from c o a l  and i t s  p roduc t s ,  and t h e  next  
twenty y e a r s  w i l l  produce even f u r t h e r  advances.  The b i g g e s t  advance has  come i n  
t h e  development and a p p l i c a t i o n  of l a s e r - e x c i t e d  S h p o l ' s k i i  spec t romet ry  (LESS) 
(31). 
products  w i l l  i n c r e a s e  d rama t i ca l ly ,  r i v a l i n g  and p o s s i b l y  supp lan t ing  t h e  u s e  of 
GC-MS f o r  PAH a n a l y s i s .  

The technique  i s  be ing  developed by T. 
Phosphori-  

, t r i p l e t  quenching can  b e  minimized wh i l e  t h e  sample i s  i n  a r i g i d  ma t r ix .  Th i s  

\ 

The RTP s p e c t r a  of PAH are  u s u a l l y  of a broad s t r u c t u r e l e s s  

Never the less ,  t h e  s e l e c t i v i t y  of RTP f o r  i n d i v i d u a l  DAH can  be  improved 

1 * so 

The synchronous RTP spectrum of pyrene w a s  ob ta ined  on  an  unseparated 
Th i s  i s  c e r t a i n l y  a n  imuress ive  

I n  t h e  f u t u r e ,  t h e  use  of LESS f o r  a n a l y s i s  of PAH from c o a l  and o t h e r  
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Toble 1.-Some aromatic compounds isoloted from Bohemion brown cool. 

Compound Formula Structure 

octahydro - 2 , 2 , 4 a , 9 -  
\ ’ tetromethylpicene 

tetrahydro - 1,2,9 - 
trirnethylpicene 

tetrahydro- 2,2,9 - 
trimethylpicene 

4 1,2,9- trimethylpicene 

I 

, 
23,25 - bisnormethyl - 2 - 
desoxyallobetul- 1,3,5 - tr iene* C28H400 

23,24,25,26,27-pentanormethyl- 
6 2-desoxyaIlobetuI - 1,3,5,7,9,11,13 - 

heptaene * ‘26 28O 

c25 H24 

C25H.20 

* Although the naming system used for these compounds is obscure , these 
are the names used by Jarolim and co-workers. 

10-8-80 L-17894 
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1. 

2. 

3. 
4. 
5 .  

6. 
7. 

8. 

9. 

10. 
11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 
21. 

TABLE 2. CONCENTRATION OF PAH IN A WORKPLACE ATMOSPHERE 
FROM A COAL LIQUEFACTION PLANT. 

Compound 

Naphthalene 

2-Methylnaphthalene 

1-Methylnaphthalene 

2-Ethylnaphthalene 

2,6- and/or 2,7-Dimethylnaphthalene 

1,3- and/or 1,7-Dimethylnaphthalene 

Acenaphthene 

Fluorene 

Phenanthrene 

PPB 

3.5 

3.2 

0.3 

0.4 

0.5 

0.06 

0.06 
0.04 

- 

0.08 

TABLE 3 .  SUMMARY OF GC-MS DATA OBTAINED FROM SYNFUEL COMBUSTION 
EMISSIONS COLLECTED ON XAD-2. 

Naphthalene 

2-Methylnaphthalene 

1-Methylnaphthalene 

Biphenyl 
2-Ethylnaphthalene 

2,6- and/or 2,7-Dimethylnaphthalene 

1,3- and/or 1,7-Dimethylnaphthalene 

1,6-Dimethylnaphthalene 

1,5-Dimethylnaphthalene 

Acenaphthylene 

1,2-Dimethylnaphthalene 

Acenaphthene 

Dibenzof uran 

Fluorene 

9-Methylfluorene 

2-Methylfluorene 

1-Methylfluorene 
9-Fluorenone 

Dibenzothiophene 

Phenanthrene 

Anthracene 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 
41. 

Carbazole 

1-Phenylnaphthalene 

3-Methylphenanthrene 

2-Methylphenanthrene 

4H-Cyclopento(def)phenanthrene 

9- and/or 4-Methylphenanthrene 

1-Methylphenanthrene 

2-Phenylnaphthalene 

Fluoranthene 

Benz(e)acenaphthalene 

Benzo(def)dibenzothiophene 

Pyrene 

Retene 

Benzo (b) fluorene 

4-Methylpyrene 

2-Ffethylpyrene 

Benzo(ghi)fluoranthene 

Benzo(a)anthracene 

Chrysene and/or Triphenylene 

n-Alkanes 
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T I  

154 

I56 

I 

142 

I28 

IO 

GC ' - MS SEL ZC TED TON MON/ TORING 
OF PAH COLL€CT€D FROM AIR 

B I P H E N Y L  
ACENAPHTHENE 

I ,5 -D IMETHYL 
C2- NAPHTHALENES 

I ,2 -D IMETHYL 

2 - M E T H Y L N A P H T H A L E N E  

rl- M E T H Y L N A P H T H A L E N E  

N A P H T H A L E N E  

15 20 
TIME 

Figure 1 - Selected ion chromatograms at m/e values of 154, 156, 142, 
and 128 obtained on a workplace air sample collected in a 
coal liquefaction plant. Quantitative information on some 
compounds appears in Table 2. 

193 



20 

S R C - I I  
COMBUSTION EFFLUENT 

CqO 

111 BIOMASS 
COMBUSTION EFFLUENT 

NO 2 FUEL OIL 
COMBUSTION EFFLUENT 

20 

I:' 

l I ' ~ 1 ~ ~ 1 1 ~ 1 1 1 1 1 1 1 ' 1 I  

30 30 78 I26 I74 222 270 314 
TEMPERATURE, OC 

L I  I I I I I J ,  
0 3  15 27 39 51 63 75 

TIME, minutes 

Figure 2 - Gas chromatographic profiles of combustion effluents from 
SRC-11 ,  biomass, and petroleum No. 2. Separations were 
achieved using a 19 m x 0.30 mm SE-52 fused-silica column, 
with splitless injection, He carrier gas, and appropriate 
temperature programming. Numbered chromatographic peaks 
are identified in Table 3. 


